
External and internal electrostatic
potentials of cholinesterase models

Clifford E. Felder,* Simone A. Botti,*† Shneior Lifson,‡
Israel Silman,† and Joel L. Sussman*§

Departments of *Structural Biology, †Neurobiology ‡Chemical Physics, Weizmann Institute
of Science, Rehovot 76100, Israel
§Department of Biology, Brookhaven National Laboratory, Upton, NY 11973 USA

The electrostatic potentials for the three-dimensional struc-
tures of cholinesterases from various species were calcu-
lated, using the Delphi algorithm, on the basis of the
Poisson–Boltzmann equation. We used structures forTor-
pedo californicaand mouse acetylcholinesterase, and built
homology models of the human,Bungarus fasciatus,and
Drosophila melanogasteracetylcholinesterases and human
butyrylcholinesterase. All these structures reveal a negative
external surface potential, in the area around the entrance
to the active-site gorge, that becomes more negative as the
rim of the gorge is approached. Moreover, in all cases, the
potential becomes increasingly more negative along the
central axis running down the gorge, and is largest at the
base of the gorge, near the active site. Ten key acidic
residues conserved in the sequence alignments of AChE
from various species, both in the surface area near the
entrance of the active-site gorge and at its base, appear to
be primarily responsible for these potentials. The potentials
are highly correlated among the structures examined, down
to sequence identities as low as 35%. This indicates that
they are a conserved property of the cholinesterase family,
could serve to attract the positively charged substrate into
and down the gorge to the active site, and may play other
roles important for cholinesterase function. © 1998 by
Elsevier Science Inc.
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INTRODUCTION

Inspection of the X-ray structure of acetylcholinesterase
(AChE, or acetylcholine acetylhydrolase, EC 3.1.1.7) from

Torpedo californica(TcAChE)1 revealed that the active site is
buried within the enzyme, near the bottom of an approximately
20-Å-long gorge that in places is less than 4 Å wide. It is
thought that the substrate acetylcholine (ACh) must travel
down this gorge to reach the active site.1–3 More recently, it has
been noticed thatTcAChE has a large “dipole moment,” cal-
culated to be 5004 to 1 500 debyes.5 This would suggest that
there is an excess of negative charge in the vicinity of the gorge
entrance that might aid in attracting the positively charged
substrate toward the gorge. Well before the three-dimensional
(3D) structure of AChE was determined, Nolte et al.6 had
already suggested that a high density of negative charge in the
vicinity of the active site might serve to attract the substrate
toward it.

The concept of a dipole moment can be defined formally
only for an electrically neutral entity. This is because, in a
charged species, the dipole is no longer a fixed, intrinsic
property, but depends on its position in the coordinate system.
Nevertheless, there is value in calculating dipole moments even
for charged molecules positioned in a consistent way in a
common coordinate system, as a measure of the inhomogeneity
of the distribution of their partial atomic charges. To distin-
guish such a dipole from a true dipole moment, we shall call it
a position-dependent first moment of charge distribution,m 5
¥(r iqi), where r i is the position vector andqi is the partial
charge located on each atomi in the molecule.

Here we examine whether such large first moments are
common in cholinesterases (ChEs) in general, and study the
relationship between the overall charge distributions and the
actual electric potentials, both external and inside the catalytic
gorge. The potentials were calculated by solving the Poisson–
Boltzmann equation, as implemented in the DelPhi algorithm7.
Two X-ray structures from the Protein Databank (PDB) were
employed, 2ace2 for T. californica AChE (TcAChE) and
1mah8, with the inhibitor fasciculin removed, forMus muscu-
lus (mouse) AChE (mAChE). In addition, homology models
were prepared for human AChE (hAChE),Bungarus fasciatus
(snake) AChE (BfAChE), Drosophila melanogasterAChE
(DmAChE), and human butyrylcholinesterase (hBChE, acyl-
choline acylhydrolase, EC 3.1.1.8). We also analyze the rela-
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tion between these potentials and a set of conserved, negatively
charged residues.

METHODS

Homology models

Homology models of hAChE,BfAChE,DmAChE, and hBChE
were constructed using the Swiss-Model server on the World
Wide Web9,10 (URL http://www.expasy.ch/swissmod/SWISS-
MODEL.html/). This procedure was chosen because it auto-
matically runs the FASTA11 and BLAST12 sequence homology
searches against its structural database, and constructs an initial
sequence alignment from which it generates an initial model.
These initial sequence alignments were later improved by
comparison with a multisequence alignment obtained from the
program Pileup13 to produce better models.

The models were constructed using an existingTcAChE
structure that Swiss-Model retrieved automatically from its
database (1acj, a complex ofTcAChE with 1,2,3,4-tetrahydro-
9-aminoacridine [tacrine] with the tacrine removed), and the
appropriate sequences in the Swiss-Prot database, except for
BfAChE, whose sequence came from Ref. 14. The final se-
quence alignments of the model structures withTcAChE are
shown in Figures 1–4.

Missing atoms were added to the incomplete side chains of

each of these models, using the program WHAT-IF15, to ensure
proper assignment of hydrogens and atomic charges. Each
structure was then oriented so that the gorge axis was aligned
along the1z-coordinate axis. The gorge axis was defined as
extending from residue I444 atom CD (I444-CD) to the aver-
age of atoms E73-CA, N280-CB, D285-CG, and L333-O
(TcAChE numbering)16. This orientation is illustrated in the
ribbon diagram of Figure 517. While it differs somewhat from
that used in previous studies4, it has the advantage of simpli-
fying the calculation and analysis of properties with respect to
the gorge axis. The missing residues 486–489 (HSQE) were
added to theTcAChE structure. Throughout this study, the
numbering of residues is that ofTcAChE18.

RMS comparisons of the backbone fold

We calculated the root mean square (RMS) deviation of each
model from the PDB structure1acj, based on thea carbons,
using application LSQMAN19,20. As shown in Table 1, the
average RMS deviations are generally within 1 Å, indicating
that the peptide chains of the homology models faithfully
follow the TcAChE fold. Table 1 also gives the percent se-
quence identity and similarity for each model against the1acj
sequence18, on the basis of the sequence alignments in Figures
1–4. For evaluations of similarity, we used as sets of similar

Figure 1. Sequence alignment, in Swiss-Model format, used to construct the homology model ofhAChE relative to structure
1acj. Identical residues are presented against a dark background, and similar residues (A and G; T and S; D and E; K and
R; F and Y; N and Q; and I, V, L, and M) are presented against a gray background. Residue positions indicated by an asterisk
(*) indicate1acj residues that were not used in the homology modeling, and dashes (–) mark the locations of missing residues
(e.g., locations in the alignment where no residues of a given structure correspond with those given for the other). Hash marks
(#) indicate the positions of conserved acidic residues.
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Figure 2. Swiss-Model sequence alignment used to construct the homology model ofBfAChE relative to1acj.

Figure 3. Swiss-Model sequence alignment used to construct the homology model of DmAChE relative to1acj.
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residues A and G; T and S; D and E; K and R; F and Y; N and
Q; and I, V, L, and M (Figure 4 of Ref. 1).

Calculations of position-dependent first moments

The first moments of charge distribution (equivalent to dipole
moments; see above) were calculated using the Parse set of
partial electric charges on the atoms (optimized specifically for
DelPhi to fit data for small molecules; see Ref. 21). Two
methods of positioning were used: geometric centering by use
of the InsightII DelPhi module22, and by center of charge, as
calculated by GRASP23.

Calculations of electrostatic potentials by DelPhi

Calculation of electrostatic potentials was performed by solv-
ing the Poisson–Boltzmann equation, employing the finite dif-
ference method24 as implemented in the DelPhi algorithm25.
We employed the Parse partial atomic charges and radii21,
internal and external dielectric constant values of 2 and 80,
solvent and ionic probe radii of 1.4 and 2 Å (i.e., closest
approach to the molecular surface), respectively, and 0.145 M
(physiological) ionic strength. For the electrostatic figures and
surface potentials, the easy-to-use application GRASP23 proved
satisfactory. After the electrostatic potentials were calculated,
an accessible molecular surface figure, colored according to
potential, was prepared, and two files were written, one con-
taining the Cartesian coordinates of the surface points in PDB
format, and another containing the corresponding potentials at
these points. On the basis of trial profiles of surface point
potentials, we established the space containing the external
surface points near the gorge entrance to be a cylindrical region
starting 25 Å above the gorge base (e.g., atom I444-CD) and
between 3.5 and 20.5 Å from the gorge axis. This region was

Figure 4. Swiss-Model sequence alignment used to construct the homology model ofhBChE relative to1acj.

Figure 5. Ribbon diagram of TcAChE. The diagram was
prepared by MOLSCRIPT17, and shows the orientation em-
ployed in Color Plate 1. The gorge axis is denoted by a dark
vertical bar, and residues W84, S200, W279, and F330 are
drawn as stick figures.
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divided into 1-Å-thick concentric annular sections, e.g., from
3.5 to 4.5 Å from the gorge axis, with mean distance 4 Å, from
4.5 to 5.5 Å, with mean distance 5 Å, etc., as shown in Figure
6, and the average potentials of the surface points in each
annulus and in the entire region were calculated.

GRASP is not accurate enough for calculations inside the
gorge, which in places is only about 4 Å wide, smaller than the

grid spacing in the GRASP potential grid. A commercial ver-
sion of the program DelPhi22 was, therefore, employed. This
allows a finer grid and greater control over the calculations,
e.g., of the nonlinear Poisson–Boltzmann equation, which is
not available in GRASP. An initial potential grid with a 35-Å
border space, and a grid spacing of about 2.3 Å, was later
focused onto a second grid with 10-Å border space and grid
spacing of about 1.45 Å (atomic resolution). Finally, we cal-
culated the potential at 1-Å intervals along the gorge axis (as
defined above), starting 4 Å above atom I444-CD (TcAChE
numbering), using the InsightII DelPhi module. Correlation
analyses of the surface and gorge potentials for the specified
model were done by a linear regression fit against the corre-
sponding values for theTcAChE structure, using the Linfit
algorithm.26

RESULTS AND DISCUSSION

Sequence similarities and structural
RMS deviations

Table 1 presents the sequence identities and similarities versus
PDB entry1acj for the sequence alignments used to generate
the different models. Also presented are the structural RMS
deviations of thea carbons relative to those of1acj. Most of
the sequences have about 55–60% identity, and their corre-
sponding structures have average RMS deviations within 1 Å
of that of1acj. Our calculated RMS value for mAChE, 0.89 Å,
compares well with the value of 0.84 Å calculated in Ref. 8.

Calculated position-dependent first moments of
charge distribution

Table 2 shows the calculated net molecular charges, the first
moments of charge distribution, and the angles the first-
moment vectors make with the gorge axis, for the ChE struc-
tures analyzed. All the structures have a rather large moment of

Figure 6. Definition of the annular sections of the accessible
molecular surface about the gorge axis.

Table 1. Calculated properties of cholinesterase models, relative to those ofTorpedo californicaacetylcholinesterase

Structure

Percent sequence Average Ca RMS Correlation coefficients for:

Identitya Similaritya
Deviation

(Å)b
No. of

residuesc
Surface

potentialsd
Gorge

potentialsd

TcAChEe 100 100 0.35 528 1.00 1.00
BfAChEf 66 75 0.31 524 0.80 0.96
mAChEg 58 70 0.89 520 0.89 0.99
hAChEh 57 70 0.48 524 0.89 0.99
hBChEi 53 69 0.42 525 0.66 0.94
DmAChEj 35 48 0.78 508 0.86 0.94

a Sequence identity or similarity versus structure1acj, according to the sequence alignments given in Figures 1–4, and using as sets of similar residues A
and G; T and S; D and E; K and R; F and Y; N and Q; and I, V, L, and M.
b Compared with structure1acj, as calculated using the program LSQMAN19,20.
c That is, the number of residue pairs LSQMAN used to calculate the RMS deviation.
d Compared with the corresponding potentials for theTcAChE structure2ace, as determined using the program Linfit26.
e X-Ray structure2ace(TcAChE).
f Homology model ofBfAChE.
g X-Ray structure1mah (mAChE).
h Homology model of hAChE.
i Homology model of hBChE.
j Homology model ofDmAChE.
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800–1 800 debyes, aligned roughly along the gorge axis, and both
centering methods agree to within 20%. The calculated value for
BfAChE is in fair agreement with the experimentally measured
value of 1 00027. It can thus be concluded that all the ChEs that
we have studied have an asymmetric charge distribution, such
that there is an excess of negative charge in the region near the
gorge entrance, relative to the far side of the enzyme.

External potentials and those near
the gorge entrance

The external potentials of the different ChEs are displayed in
Color Plate 1, which shows red (10.25 kT/e) and blue (20.25
kT/e) isopotential surfaces (1 kT/e 5 25.6 mV). The green
arrows represent the directions of the first-moment vectors.
The ribbon diagram ofTcAChE in Figure 5 defines the view

used. In all the structures, the pattern of external potentials
reflects strongly the calculated nonhomogeneous charge distri-
butions. In particular, the face of the enzyme leading into the
gorge (yellow bar) has a mostly negative potential (red sur-
face), while positively charged regions (blue surface) are
mostly on the opposite side.

The surface potentials in the region around the gorge for
most of the ChEs are depicted in Color Plate 2, which displays
accessible surfaces colored by potential and viewed down the
gorge axis. In all the structures, the region around the gorge
entrance is red, indicating a negative potential in this area. A
close-up view of this region forTcAChE, including a series of
isopotential rings (Color Plate 3, top), illustrates clearly the
gradually increasing negative potential in this region that could
play a significant role in accelerating diffusion of the cationic
substrate toward the active site.

Figure 7. Scaled mean surface potentials in annular sections about the gorge axis in ChE models. These annular regions are
defined in Figure 6.

Table 2. Calculated position-dependent first moments of charge distribution (debyes) for cholinesterases and
other proteins

Structure
Net

charge

Centered geometrically Center-of-charge centered

First
moment

Angle with gorge
axis (degrees)

First
moment

Angle with gorge
axis (degrees)

TcAChE 211 1 666 32 1 676 35
BfAChE 29 1 688 31 1 639 32
mAChE 28 1 070 13 1 016 18
hAChE 210 883 16 948 19
hBChE 21 1 527 30 1 523 31
DmAChE 218 1 135 31 1 232 31
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Figure 7 shows the calculated mean potential in a series of
1-Å-thick annular sections out to 20 Å from the gorge axis, for
the various ChE structures. They all display a gradually in-
creasing negative potential as the gorge entrance is approached.
The correlation coefficients for these curves relative to those

for TcAChE are given in Table 1. The average potentials (in
kT/e units, equal to 25.6 mV or 0.593 kcal mol21 e21) for the
different models over the entire 20-Å cylindrical region are as
follows: TcAChE, 22.27; BfAChE, 21.14; mAChE,21.41;
hAChE,21.14; hBChE,20.05; andDmAChE,22.36. All the

Figure 8. Scaled potentials along the gorge axis in ChE models.

Figure 9. Potentials along the gorge axis inhAChE mutants.
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structures show a fairly good correlation toTcAChE, except for
hBChE, whose average potential and correlation coefficient are
significantly lower. Hence, all the AChEs studied have a com-
mon electrostatic pattern or motif28 around the gorge entrance,
while BChE displays a somewhat different pattern. The bio-
logical significance of this region of conserved negative po-
tential is under investigation.29

Electrostatic potentials along the axis of the
catalytic gorge

A slice view through the catalytic gorge ofTcAChE (Color
Plate 3, bottom, a and b) illustrates clearly that the potential
increases gradually as one goes down the gorge, and reaches a
maximum near its base. Figure 8 shows a plot of these calcu-
lated potentials at 1-Å intervals along the gorge axis, starting 4
Å from the gorge base, for all the models examined. The
potentials were scaled such that the potentials 35 Å from the
gorge base were set to zero, so as to permit meaningful com-
parison of the values for the different models. All the AChE
models display a similar, gradually increasing negative poten-
tial, beginning several angstroms outside the gorge entrance,
and continuing down the gorge toward the active site. In an
area;14–8 Å from the base of the gorge, depending on the
particular species, the potentials are relatively level, and then
drop sharply toward the bottom of the gorge. A similar pattern
of potentials forTcAChE was calculated by Wlodek et al.30 In
the case of hBChE the plateau region is essentially absent.
Table 1 shows that the gorge potentials, including that for
hBChE, have correlations approaching unity versusTcAChE,
which is a much smaller degree of variation than that calculated
for the external potentials, for the fold or for the sequence
similarity. Hence, these potentials are strongly conserved
among all the ChEs, and thus may play an important role in
drawing the positively charged substrate down the gorge to the
active site4,31,32.

Relation to conserved acidic residues in the
sequence alignments

The origin of these conserved potentials can be understood by
examining the conservation of key acidic residues in the se-
quence alignments. Shafferman et al.33 identified seven surface
acidic residues near the gorge (E82, E278, E285, E342, D351,
D380, and D381) thought to be primarily responsible for the

negative surface potential near the gorge entrance (see also
Antosiewicz et al.16) Also important is an additional negatively
charged residue, D72, located midway down the gorge.1 Fi-
nally, E199 and E443, near the gorge base, together with
nearby E445, appear to be primarily responsible for the large
negative potential in this region.30,34 Table 3 shows that 10 of
these residues are highly conserved in the sequence alignments
of our homology models. In particular, E82, D342, E443 and
E445 are conserved among all the models, as is D72 in all but
the DmAChE model. E285 is conserved only in hAChE and
mAChE, and is not included in Table 3. Hence, the calculated
electrostatic properties are a function of certain key acidic
residues conserved in the sequence alignment on the backdrop
of a common backbone fold. Figure 10 shows the position of
these conserved residues within the three-dimensional structure
of TcAChE.

As a check, we prepared a second hAChE homology model
using version 4 of the program Modeller35,36, in which four
different TcAChE structures and one mAChE structure from
the PDB were used together to build the hAChE model. Its

Table 3. Conservation of critical acidic residues in the cholinesterase sequence alignments,a relative to the
TCAChE sequence

Model D72 E82 E199 E278 D342 D351 D380 D381 E443 E445

BfAChE * * * * * * * — * *
mAChE * * * * * — — b —b * *
hAChE * * * * * (*) — b —b * *
hBChE * * * * * (*) * * * *
DmAChE — * * — * — (*) — * *

a According to the sequence alignments given in Figures 1–4, and a similar alignment for mAChE. The presence of the given residue aligned to that of
TcAChE is indicated by an asterisk. An asterisk in parentheses means that glutamate and aspartate have been interchanged, which should not affect the
electrostatics. A dash (—) indicates that the residue is not conserved.
b In the sequence alignment, these two residues are offset by two positions.

Figure 10. Ribbon diagram showing the position in the 3D
structure of TcAChE of the ten conserved residues listed in
Table 3. The black bar denotes the gorge axis.
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calculated surface and gorge potentials are practically identical
to those of the original model, with correlation coefficients of
0.97 and 0.99, respectively, against the original hAChE model,
and 0.88 and 0.98 againstTcAChE, even though the RMS
deviation between the two hAChE models was 0.50 Å. Hence
our conclusions are valid even if the homology models are only
approximate. As a second check, we prepared (by residue
replacement) from the first hAChE model a series of mutant
models, including E199Q, E443Q, D72N, and the Shafferman
et al. H7 mutant33, in which all seven acidic residues near the
gorge entrance listed above were neutralized. Their effects on
the gorge potentials are shown in Figure 9, where the H7
mutations affect mainly the potentials in the top half of the
gorge, D72N influences the potentials mainly in the middle, at
;12 Å from the base of the gorge, and E199Q and E443Q
affect primarily the potential near the base of the gorge. Fur-
thermore, the average surface potential for the H7 mutant was
reduced from21.14 to20.05 kT/e units relative to the wild
type (and the patterns of surface and gorge potentials correlated
as 0.96 and 0.99 against hAChE WT and as 0.93 and 0.99
againstTcAChE). The relatively larger effect of the E199Q and
E443Q mutations probably results from these residues being
buried within the molecule below the gorge.

We can conclude that the consistent pattern of electric po-
tentials around the entrance to the active-site gorge and within
it has its origin in a small number of critical acidic residues that
are conserved within highly homologous regions of the se-
quence alignments, such that they occupy the same key loca-
tions in the ChE fold. This explains how structures with se-
quence identities as low as 35% can have such highly
correlated potentials, and suggests that they are important for
the functional roles of the ChEs.
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